The radiative association rates are computed, using an entirely ab initio approach, for Li and Lià toms interacting with H and H`. The accurate potential energy curves obtained for such systems in an earlier study (Gianturco et al. 1996) are employed, and the corresponding transition moments are also used to evaluate the cross sections. The Ðnal rates are shown generally to decrease with temperature in the range from 50 to 5000 K, in close agreement with the behavior of recent calculations (Dalgarno et al. 1996) . At low collision energies, all the systems considered show interesting resonant structures that can be associated to speciÐc Ðnal states of the bound products of the reactions. The importance of these rates of formation in the lithium chemistry of the early universe is also brieÑy discussed.
INTRODUCTION
As the universe expanded, di †erent atoms and molecules got formed from free nucleons and electrons, while photoionization and photodissociation processes gradually became ine †ective because of the cooling of the radiation temperature. The Ðrst galaxies and stars thus formed from a gas of H and 4He with trace amounts of D, 3He, and 7Li. In the absence of heavier elements, the radiative cooling mentioned before was controlled by the presence of that small fraction of the gas that was molecular in nature, thus indicating that molecular cooling could be taken as the chief mechanism for primordial cloud collapse (Silk 1983 ; Lepp & Shull Chemistry began with the appearance of the 1984). Ðrst neutral molecule soon after the production of H 2 , neutral atomic hydrogen through radiative recombination of protons and electrons. The lithium chemistry, in turn, was initiated by the recombination of lithium ions through radiative recombination and mutual neutralization :
Li`] H~] Li ] H
& Shull Because of its low ionization potential, (Lepp 1984) . it was pointed out (Dalgarno & Lepp 1987 ) that lithium may remain almost fully ionized at the time of the hydrogen recombination process ; therefore, the formation of molecular species that contain lithium could be started by considering the following series of radiative association processes :
Li`] H ] LiH`] hl ,
Li ] H`] LiH`] hl .
This means that direct knowledge of the relative cross sections of molecular formation and the corresponding rates are of paramount importance for deciding quantities such as fractional abundance of LiH with respect to the total hydrogen nuclei or the relative ratio of number densities between LiH and LiH`. The earlier estimates turned out to be rather uncertain because of lack of knowledge of the rates for reactions (eqs. et al.
[2a]È[2c]) (Puy 1993) .
In the present work we make use of recently calculated, and highly accurate, potential energy curves for the title molecules et al. and evaluate the cross (Gianturco 1996) sections of all the processes in the reactions over a (eq. [2]) broad range of temperatures. The results are obtained using a fully quantum mechanical method and compare well with the recent computations, on the same systems, by Dalgarno, Kirby, & Stancil SpeciÐc features of the resonant (1996) . processes at low collision energies are also examined and are found to provide indications of the possible formation of molecular excited Ðnal states for both the neutral and the ionic species.
THE DIRECT RADIATIVE ASSOCIATION
As is well known, the formation of diatomic bound species through direct two-body association only becomes possible if the residual energy is released radiatively through photon emission. This is usually a process with much lower probability than associative recombination via three-body collisions, whereby the residual energy is transferred during the encounter, since in the former case the time needed to emit the photon from the excited state (D10~8 s) is much longer than the interaction time between partners (D10~13 s). It becomes the only possible alternative in the medium of the postrecombination universe, where the very low number densities give rise to very low collision numbers and make three-body collisions essentially negligible.
When one views the process within the conventional Born-Oppenheimer (BO) approximation, then the relative motion of the interacting partners could either follow adiabatically the single electronic potential energy curve (PEC) of the molecular ground state or could move Ðrst along one of the electronically excited PECs of the diatom and then radiatively reach a bound state of the ground state electronic PEC. As the latter process corresponds to a vibronic transition, it usually occurs with a greater probability than the former pure rotovibrational transitions (Herzberg 1950) .
The quantum form of the corresponding cross section at a given relative collision energy of the partners could be obtained by starting from the usual Einstein coefficient for spontaneous emission between bound states of a conven-tional diatomic target, in atomic units :
where is the dipole transition (Herzberg 1950), M vJ,v{J{ moment between the relevant rotovibrational levels,
and is the result of the angular integration in S JJ{ equation and is usually called the Ho nl-London coefficient (4a)
The simple extension of the above tran-(Schadee 1978). sition moment to a case in which the initial wave function is an energy-normalized continuum function generated by f EJ the same PEC allows one to write
The probability P(J) that a given initial partial wave component would decay by photon emission can be f EJ obtained by dividing the corresponding coefficient A EJ,v{J{ by the Ñux of incoming particles. The total cross section at a given collision energy E is further given by
where the terms in the sum on the far right-(Smith 1971), hand side correspond to the opacity contributions, k2 \ 2kE, and all quantities are in atomic units. Each of such contributions could therefore be obtained as
which therefore allows us to rewrite the sum of equation (5) in the following, more speciÐc, way :
To obtain the corresponding rates Ðnally requires a further integration over a Maxwellian distribution of the partnerÏs relative velocities,
where all quantities are expressed in atomic units. The quantity p of describes also the relative probequation (6) ability of the nuclei being driven by one particular PEC of the ones available in that range of energies (Herzberg 1950 ; & Dalgarno i .e., its relative statistical weight. Babb 1995), The general behavior of the individual cross sections and the e †ect of the various PEC features at low collision energies are functions of the speciÐc system and will therefore behave very di †erently depending on the particular Ðnal diatomic product that we shall consider. Generally speaking, however, one should expect they will drop o † rather rapidly with collision energy since the corresponding Franck-Condon region of maximum e †ect from the transition moments will play a less important role as the overlap decreases at the shorter relative distances sampled at higher collision energies.
The speciÐc results for the various systems are analyzed in detail in the following sections.
RECOMBINATION CROSS SECTIONS FORLiH
We consider the dynamics of the radiative recombination process occurring along the adiabatic PECs that connect asymptotically with Li(1s22s) ] H(1s). Within the BO approximation, they correspond to the following & states : X1&`and a3&`, which pertain to the singlet and triplet spin states, respectively. The 3&`state corresponds to a repulsive potential, and it is also dipole forbidden to combine radiatively with the singlet state of the Ðnal bound molecule. The continuum initial states could therefore belong only to the 1&`curve in order to allow the transitions into its rotovibrational bound states. The spin multiplicity also assigns the value of in p \ 1 4 equation (6). The allowed rotational index changes from J into J@ are for J@ \ J^1, and the corresponding Ho nl-London factors of are given by equation (3)
Furthermore, we need to sum over all pos-(Herzberg 1950). sible J values up to for the R branch of the transition J1 @ ] 1 (for which J@ \ J [ 1) and up to for the P branch of J1 @ [ 1 the transition (for which J@ \ J ] 1). Here represents the J1 @ largest possible value for the rotational quantum number in the Ðnal vibrational state v@. The corresponding expression for therefore gets rewritten as follows :
One can simplify by grouping together terms equation ( In the present treatment, Zygelman (1990). however, we have preferred to include these slight di †er-ences between frequencies implied by the di †erences in rotational quantum numbers of the Ðnal bound states. Therefore, we have deÐned a partial cross section associated to each Ðnal vibrational state v, but starting from di †erent trajectories between continuum energy partners :
A similar expression was also given by & Kheronskii Lipovka
These authors, however, did not include the (1993). multiplicity factor (2J ] 1) within the deÐnition of P(J) in equation (5).
The partial contributions given by are equation (11) Ðnally grouped into the expression for the total cross section at a given relative energy E, the relative collision energy of the neutral partners : 1. The partial cross sections exhibit a very marked dependence on the Ðnal vibrational state into which the molecule is formed after radiative emission. At a given relative energy, in fact, the cross sections can vary over more than 8 orders of magnitude.
2. The number of bound vibrational states found in our calculations (for J \ 0) is of 24 levels, with v max \ 23 et al.
and one clearly sees in the Ðgure (Gianturco 1996) , that several resonances are evident in the low-energy region. It is also interesting to note that the largest partial cross section appears for v \ 18, while the partial contributions decrease in value as v increases up to 23.
3. All partial cross sections show a rather similar, at least qualitatively, energy dependence, since they all markedly decrease as the collision energy increases. This is simply due to the fact that, as the interaction time decreases, the time interval during which the photon can be emitted becomes shorter ; therefore, the collisions occur into other inelastic channels of the partnerÏs excitations rather than by photon emission followed by the recombinative event. The very strong dependence of on the Ðnal vibrap v (E) tional state of the molecule being formed is due to various factors : as the index v increases, the classically allowed region of relative distances mapped by the Ðnal vibrational wave functions increases and involves R values in which the dipole function gradient becomes larger. On the other hand, the multiplicative frequency factor in becomes equation (11) smaller very rapidly, and so does the number of terms in the sum over J as fewer rotovibrational states become available at higher v values. Thus, the relative interplay of such factors corresponds to a genuine "" structure ÏÏ e †ect on the partial cross section behavior. The present study, which uses very accurate PECs and dipole functions, indicates that the Ðnal LiH states are formed prevalently in vibrationally excited states with v \ 18 and 19 rather than in one of the low-lying vibrational target states. It is interesting to note that a similar result was surmised by the earlier model calculations of & Lipovka who, however, Kheronskii (1993) found that the most probable Ðnal states corresponded to v \ 15, 16, and 17.
It is also informative to see the speciÐc dependence of the partial cross sections on the vibrational level of the molecule formed. This is shown by the top plot in Figure 2 , where the value of the computed is shown at the p v (E) energy of the Ðrst resonance peaks for each cross E p1 section. Thus, we see even more clearly that the largest partial cross section occurs for the v \ 18 molecular state of LiH. This is an interesting result, since it suggests that radi- No. 2, 1997 Li AND Li`COLLIDING WITH H AND H`563 ative recombination processes give raise to vibrationally excited products that can, in turn, be detected by successive spontaneous emission of rotovibrational photons as they decay to the lower levels of the bound system. As mentioned above, several resonant peaks are shown by the computed partial cross sections. In this particular process they are simply the results of "" shape ÏÏ resonances due to the presence of some pseudobound states in the continuum that are trapped by a speciÐc centrifugal barrier, associated to the total angular momentum J of the colliding partners. Because of the limits in the J summation set by each Ðnal vibrational state can show only resonances J1 @(v), due to J values up to Hence, as v increases, the J1 @ ] 1. number of resonant pseudobound states in the continuum decreases, and fewer resonances appear for the more vibrationally excited Ðnal molecular states. It is interesting to see, however, how the indicative results of show spe- Figure 1 ciÐc features because of some of the resonances being of greater importance than other resonant trapping contributions.
One sees, for instance, that the strongest resonance in the low-energy region appears in all the partial cross sections and is essentially always located at the same collision energy, since the combination of the Ðnal v value and of the allowed J controls the labeling of the resonances, but their position is only controlled by the initial angular momentum value. As an example of the labeling that one can carry out to study such resonances Patriarca, & Roncero (Gianturco, we report in (top) the positions and the J 1989), Figure 3 values of the resonances for the PEC of the present system. The corresponding partial cross sections for v \ 18 are also shown to indicate how clearly the lower J values allow one to assign the resonances to speciÐc barrier values. On the other hand, as the energy increases and the corresponding J values increase, spectral congestion in the energy position is reÑected by the unresolved, broader resonance peaks shown by the dynamical calculations at the higher collision energies. Thus, the strongest resonance peak that appears in all the partial cross sections at low collision energies (2.1 ] 10~4 eV) is shown to be due to the orbiting of the two partners trapped behind the J \ 4 and J \ 9 rotational angular momentum barriers.
The total cross section that corresponds to the sum of is shown in (top curve). The range of equation (12) Figure 4 collision energies is the same one examined above. As expected, the overall shape and energy dependence is dominated by the for v \ 18, which is the largest of all the p v (E) contributing partial cross sections, as already discussed above. On the whole, the calculated cross sections vary over about 8 orders of magnitude when going from about 10~4 eV up to about 10 eV of collision energy. They markedly decrease at higher energies because of the marked reduction of the interaction time with respect to the time needed to emit the radiation. Our present results are in very good agreement with those published recently by et al. Dalgarno in which they used a di †erent potential energy curve (1996) , & Langho † that supports one bound level (Partridge 1981) less than the one we employed here which (Berriche 1995), has v \ 23 as its highest vibrational bound state. As a consequence, the strong peak shown at low energies by our calculations is more than 1 order of magnitude larger than the one shown by et al. since the latter Dalgarno (1996) , lacks the contribution from the J \ 4, v \ 23 resonance at that energy. On the whole, however, the two curves are very 
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RECOMBINATION PROCESSES FOR IONS

LiH
In the case of ionic partners, two possible channels exist for the formation of LiH`from radiative recombination collisions, i.e., equations and However, (2b) (2c). equation refers to the formation of the ionic molecule in its (2b) ground electronic state, while corresponds equation (2c) asymptotically to an excited state of the Ðnal products. Thus, the formation of LiH`in its ground state comes from asymptotic partners such as Li`(1s2) and H(1s), which follow the BO PEC corresponding to the X2&`symmetry. Since this is the only possible state that one can consider, the corresponding multiplicity p in is equal to equation (6) 1.
Ionic Recombination via the X 2&`Potential
The currently computed partial cross sections, are p v (E), shown in the lower part of for all the possible Ðnal Figure 1 states, much fewer than for the neutral system, since the shallower potential well of LiH`(X 2&`) only supports bound levels up to v \ 5. The same range of energy values have been considered in this case as for the neutral system.
The general structure of the partial cross sections and their general dependence on the collision energy is similar to the one found before : the partial contributions initially increase in magnitude as v increases but rapidly reach their maximum values for v \ 2, then decreasing monotonically until v \ 5. The size variation as a function of v for the lowest resonance position (at eV) is E p1 \ 3.3 ] 10~4 shown in (bottom) for all the partial contributions : Figure 2 they span a smaller range of orders of magnitude than that for the neutral molecule. Furthermore, the largest values of are in this case up to 3 orders of magnitude smaller than p v those for the neutral molecule formation. In this case, in fact, the much smaller number of Ðnal bound states and the smaller values of the dipole moment involved et (Gianturco  al. over a similar range of relative distances qualit-1996) atively explain this size reduction.
As in the previous system, however, a sizable number of shape resonances are shown by the partial cross sections, as one clearly sees from the curves of However, they Figure 1 . are much fewer and rapidly disappear as the collision energy increases. This is also shown by their actual labeling by J values shown in (bottom), where the actual Such an e †ect is clearly seen by the results for the total cross sections, the sum of which are shown in equation (7), (bottom curve). The radiative recombination cross Figure 4 sections into the ground electronic state of the ionic molecule are here markedly smaller than those pertaining to the neutral species, reported in the same Ðgure : the e †ects of the speciÐc resonant region is also less marked, and, as the relative energy increases, they become very rapidly less important than the corresponding process between neutral partners. From 10 meV up to about 100 meV, for instance, the total cross sections of the ion are from 5 to 7 orders of magnitude smaller than those for the neutral molecule. This behavior could be easily understood if one considers the di †erences between PECs of the two processes : the potential well is much shallower in the case of LiH`, and the equilibrium geometry is further out at (for LiH (R min ) 4.15a 0 is at 3.011
This means that a much smaller range of a 0 ). impact parameters (angular momentum values) is relevant for the recombination process, since their larger values involve only e †ective potentials that are monotonically repulsive and therefore do not support any bound state. Futhermore, the angular momentum operator is also smaller over the region of radial variation corresponding to ionic bound states & Gadea (Berriche 1995 ; Berriche 1995) . To our knowledge, no other data for calculated partial cross sections are available from the literature, while the total cross sections were also computed recently by et al. Their results are very close to ours, Dalgarno (1996) . and the present curve in the (bottom) is indeed very Figure 4 similar in shape and value to that shown by those authors. This is very reassuring since the two calculations employed di †erent potential energy curves and used entirely di †erent computational codes. That they are indeed producing essentially the same results could be seen by the behavior of the corresponding rates, obtained here by integration of Table 2 practically the same rate values, with the present results being, on average, about 10% larger than those from et al. Dalgarno (1996) .
4.2. Ionic Recombination with the 2 2&`Potential In the case of ionic partners, as mentioned before, the di †erence between the ionization potential of hydrogen and lithium (8.214 eV) causes the possibility of two di †erent asymptotic states of the ionic bound species. In the previous subsection, we have examined the ground electronic state that separates into the Li`(1s2) and H(1s) atomic partners, while the other option is to consider the system that follows the electronically excited PEC (2 2&`) and separates into Li(1s22s) and H`. In this case, however, the process of radiative recombination occurs by emission of a photon from the excited initial electronic state that drives the collision into the Ðnal, ground electronic state of the bound ionic molecule. The two PECs involved were taken from our previous calculations et al. (Berriche 1995 ; Gianturco 1996) , while the transition moment is the same as the one given by et al.
Since the PEC involved turned out Dalgarno (1996) . to be very similar to those used earlier et al. (Dalgarno the corresponding transition moment values are pre-1996), sumably also well described by their estimates.
The partial cross sections for each of the Ðnal vibrational states into which the ionic molecule can be formed were computed using the procedure discussed above, and the results are displayed in the (top) over the usual Figure 5 range of collision energies. It is interesting to note right away that the partial cross sections are between 5 and 6 orders of magnitude larger than those computed before for the ground electronic state. This di †erence could be understood by considering that, even if all other elements remain equal, the frequencies of the emitted photons are at least 3 orders of magnitude larger for the electronic transitions and play an important role in Furthermore, the equation (6). transition moment itself is larger than in the case in which only one BO potential is involved in its calculation.
The dependence of the values on the Ðnal vibrap v (E) tional level of the bound state is also di †erent from that shown before by the systems formed via only one PEC : here the v \ 1 ionic molecule is the most likely product over 4 orders of magnitude of collision energy and becomes smaller than the probability of forming LiH`in the v \ 0 state only above a collision energy of about 0.3 eV. The Ðnal products formed into the v \ 3 and v \ 2 vibrational states also show a similar behavior and at nearly the same collision energy. The reason should be related to the behavior of the transition moment et al. which we (Dalgarno 1996) , have reported for clarity in for both ionic target Figure 6 formations. One sees that the above quantity shows a marked negative maximum around and then decreases 5a 0 constantly as R increases. As a result, radiative transitions into the lowest vibrational states involve larger transition moment values and become favored by the Franck-Condon principle.
The results shown in indicate, as for the systems Figure 5 analyzed before, the presence of marked resonances, especially in the low-energy regime. In this instance the presence of open channel resonances is due to the temporary trapping of the colliding partners by the e †ective potential from the initial, excited electronic state. The actual PEC supports in our case 27 bound levels, but larger values are able J1 @(v) here to perform the trapping of continuum states that can give rise to resonances. This is related to the additional role of the transition moment, which decreases at low R values, hence favoring transitions from more "" extended ÏÏ pseudobound states into the lower lying vibrational levels of the ionic molecule. On the other hand, the partial cross sections produced by the lower PEC of the ion (Figs. and indi-2 3) cate a dominance of vibrationally excited Ðnal states because of the di †erent shape of the dipole moment involved.
The di †erent behavior of the relevant transition moment is also reÑected on the labeling of the resonances, as one can Dalgarno et al. (1996) J \ 17. However, one of the resonant shapes appearing in the cross sections cannot be assigned to a speciÐc J value and may be due to an enhancement e †ect from the shape of the transition moment. The total summed cross sections are reported in Figure 7 (top) and turn out to be much larger than any of the previous systems : recombination from an excited electronic state is therefore, if the state is available, occurring with a much larger probability than the recombination from one single BO PEC of the system, either neutral or ionic. Our results are again very similar to those given by et Dalgarno al.
as one can clearly see from the Ðnal recombi-(1996), nation rates reported in over the same range of Table 3 temperatures discussed earlier for the other electronic PECs. Our results are essentially coincident with the ones given by those authors, indicating that the minor di †erences in the PECs for the excited state are essentially canceled by having used the same values for the transition moment.
CONCLUSIONS
In the previous sections we have carried out quantum mechanical calculations of the radiative association rates for the molecules of LiH and LiH`over a broad range of temperatures. The main results of the above work are the following :
1. The association rates for the formation of the two molecules are found to be much smaller than those previously suggested & Shull & Lipovka (Lepp 1984 ; Kheronskii 1993) but turn out to be in very good agreement with the more recent quantum calculations on the same systems et al. (Dalgarno 1996) . 2. The formation of ionic molecules can proceed via two di †erent pathways, i.e., either adiabatically along a single PEC for the ionic ground electronic state (X 2&`) or nonadiabatically by reaching the ground state through an electronic transition from the charge-exchange excited state, 22&`. In the latter instance the rates of formation are found to be much larger, and the corresponding process exhibits a much higher probability of occurring than the two-body recombination reactions, which proceed via adiabatic pathways.
3. All the processes considered indicate at low energies the marked e †ects of resonant reactions, i.e., of barrier trapping of the colliding partners before the recombination reaction. Such dynamical lengthening of the interaction times has important consequences on the corresponding values of the integrals in since the continuum equation (6), resonant functions show much larger values in the region of relative distances in which the bound functions are the largest.
One of the main consequences of the present results for the lithium chemistry in the primordial medium is that the expected abundance of the LiH molecule gets reduced by at least 2 orders of magnitude Lepp, & Dalgarno (Stancil, with 
about which, however, very little is known and only qualitative estimates exist today.
In conclusion, the present ab initio calculations have strived to treat all aspects of the adiabatic radiative recombination reaction on the same footing. Thus, the relevant PECs have been taken from accurate quantum chemistry calculations, the corresponding transitions have also been obtained as accurately as possible, and the continuum functions have been computed by solving correctly the numerical scattering equations for a broad range of relative energies and for all allowed impact parameters. Finally, the corresponding rates have been obtained by numerically stable quadratures over a very large set of Ðxed-energy results for all systems considered. The fact that the present Ðndings turn out to be in close agreement with those recently published by other authors et al. certain- (Dalgarno 1996 ) ly supports the good reliability of the current results and the likelihood that the reactive channels need to be considered if the presence of LiH has to play a role for the observation of primordial clouds et al. (Maoli 1996) . The formation of the ionic species, on the other hand, is strongly helped by the presence of an additional channel, whereby the reaction can proceed nonadiabatically via two di †erent PECs. The preferential channel for LiH`formation, however, is the one in which the asymptotic partners to the involved adiabatic state contain, as an ion, the atom with the higher ionization potential that tends to recombine Ðrst et al. Thus, we Ðnd again that the ion (Stancil 1996) . recombination is preferentially proceeding along the X 2&è lectronic curve rather than along the 2 2&`one, which is followed during the recombination of ionized hydrogen. Another interesting aspect of the present study is that nearly all processes considered proceed to the formation of LiH and LiH`molecules, which are preferentially vibrationally excited and which could therefore further radiate spontaneously in the IR region and after 10~2È10~3 s. If one combines this piece of information with our earlier Ðnd-ings et al. about preferential bound-bound (Gianturco 1996) radiative transitions between rotovibrationally excited levels of LiH and LiH`, one can see that radiative processes preferentially involve transitions into bound states that are above the ground vibrational level of the molecules ; therefore, the question of accurate abundance estimates becomes crucial to the possible observational detection of further spontaneous emissions from excited molecular bound states.
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